The detailed nature of N-binding at the multi-copper active site in native laccase is investigated through a combination of low-temperature magnetic circular dichroism (LTMCD) and absorption spectroscopies. This combination of techniques allows charge-transfer spectral features associated with N-binding to the paramagnetic type 2 Cu(II) to be differentiated from those associated with binding to the antiferromagnetically coupled, and therefore diamagnetic, binuclear type 3 Cu(II) site. Earlier absorption titration studies have indicated that N-binds with two different binding constants, yielding a high-affinity and a low-affinity form. The studies presented here are interpreted as strong evidence that low-affinity N-bridges the paramagnetic type 2 and diamagnetic type 3 binuclear Cu(ll) sites in fully oxidized laccase. This assignment is further supported by features in the MCD spectrum whose intensity correlates with an EPR signal associated with uncoupled type 3 Cu(ll) sites. In these sites, N-has displaced the endogenous bridge, thereby rendering the site paramagnetic and detectable by both LTMCD and EPR spectroscopy. High-affinity N-is found to bind to the paramagnetic type 2 Cu(ll) site in a limiited fraction of the protein molecules that contains reduced type 3 sites. Finally, the possible role of this trinuclear (type 2-type 3) Cu(ll) active site in enabling the irreversible reduction of dioxygen to water is considered.
binuclear (nondetectable by EPR). Laccase, the simplest of the multicopper oxidases (2, 3) , contains only one of each of these Cu(II) types and, hence, provides the most appropriate system for determining how dioxygen bonding and reactivity at the oxidase active site differs from that in the hemocyanins (4) and tyrosinase (5) , which contain only a coupled binuclear copper site. In the latter proteins, dioxygen binds reversibly as peroxide and bridges the binuclear Cu(II) site in a u-1,2 coordination geometry (6) .
An important simplification for study of the type 3 site has been the preparation of a type 2 Cu(II)-depleted (T2D) laccase form (7) . As in hemocyanin, the coupled binuclear Cu(II) site in fully oxidized (8) T2D laccase contains two tetragonal Cu(II) ions that are antiferromagnetically coupled by superexchange through an endogenous protein bridge (OR-). However, whereas exogenous anions bind equatorially and bridge the binuclear Cu(II) site in the hemocyanins and tyrosinase, exogenous ligands are found not to bridge the type 3 site in T2D laccase (9, 10) (Fig. 1) .
In comparing exogenous ligand reactivity in T2D and native laccase, major differences have been observed (11) . Whereas the fully reduced native enzyme is readily oxidized by 02, the binuclear Cu(I) site in T2D laccase is stable to aerobic oxidation (8, 12) . In addition, N-binds to oxidized T2D laccase to generate a single N---Cu(II) charge-transfer (CT) transition at 450 nm (K 200 M-1, As 800 M-1lcm-1), while two N-molecules have been reported (11, 13) to bind to native laccase (K1 60,000 M-1 at 500 nm, Ae500 = 500 M-'-cm-', Ae410 = 630 M-l cm-l; K2 60 M-1 at 400 nm, AE -1900 M-1lcm-1). In earlier studies (11) , it was proposed that the type 2 site indirectly stabilizes ligand binding at the type 3 site. Through low-temperature magnetic circular dichroism (LTMCD) spectroscopy, the nature of the interaction of exogenous ligands with the type 3 and type 2 centers can now be clearly defined.
The new absorption features observed in N-reactions with native laccase have been associated (11, 13) 
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An MCD band associated with a CT transition from the S= 0 ground state will be temperature independent and weaker by a factor of 100-1000 at 10 K than bands associated with paramagnetic ground states (16 scribed (19) .
EPR spectra were recorded at 9.39 GHz on a Bruker ER 220 D-SRC spectrometer. An Air Products LTD-3-110 Helitran liquid helium transfer refrigerator and the Lakeshore temperature controller maintained samples at 8 K.
MCD spectra were recorded on a JASCO J500C spectro-2.0 -polarimeter with a modified sample compartment to accommodate a superconducting magnet. Magnetic fields up to 60 kG were produced by an Oxford SM4 superconducting magnet/cryostat. Samples were mounted as described for the low-temperature absorption spectra. Depolarization was measured by recording the CD spectrum of a nickel tartrate solution placed before and after the sample (zero magnetic 0.30f field) and was rarely observed. Sample temperatures were 0.3 measured with a carbon glass resistor, calibrated from 1.5-300 K, by Cryogenic Calibrations (Pitchcott, Aylesbury, Buckinghamshire, U.K.). The temperature was maintained (±0.05 K) by an Oxford DTC-2 temperature controller connected to a Rh/Fe resistance thermometer. Fig. 2 shows the absorption at 298 and 77 K and the LTMCD spectra at 1.7-59.8 K of native laccase between 800 and 300 nm. As the temperature was decreased, the 614-nm region of the absorption spectrum sharpened, similar to that previous--0.60 ly reported (20) . In the LTMCD spectra of N; ., 38.0 protein equivalents sitions (Fig. 3) . Those features observed at N-concentraof N-. Difference absorption and LTMCD spectra, relative to a baseline N-concentration of 0.5 protein equivalents (to correct for the high-affinity N-features; see above) are shown in Fig. 4 for a titration of native laccase with NW. In the 550-to 370-nm region of the 298 K absorption spectrum, a strong peak is observed at =400 nm with a broad shoulder centered at =500 nm. In the LTMCD spectrum at 4.9 K (Fig. 4 parallel behavior is observed in Fig. 4 for the 485-nm LTMCD and 500-nm absorption bands; both increase continuously as the concentration of N-is increased. Since there is a band in the LTMCD spectrum corresponding to the 500-nm absorption feature, the ground state of this electronic transition must be paramagnetic. Therefore, these two features can be assigned to a single CT transition from N-to the type 2 Cu(II).
RESULTS AND DISCUSSION
The behavior of the remaining MCD bands in Fig. 4 is considerably more complex. Continuous intensity increases with increasing N-concentration are observed for the 400-nm absorption band, but parallel changes in the MCD spectrum do not occur. Initially, simultaneous (as evidenced by the common crossover points at 351 and 422 nm) and continuous increases in the MCD intensity are seen at 340, 385, and 442 nm as the N-concentration increases from 0.5 to 9.0 protein equivalents. When the N-concentration is increased further, however, the intensity of all three bands decreases, preventing a simple correlation between the absorption band at 400 nm and the MCD features.
In the EPR spectrum (Fig. 5) , however, a new signal is observed between 3200 and 3800 G at <40 K whose intensity dependence with N-concentration can be directly correlated with these MCD bands. This EPR signal intensity measured at geff = 1.86 first increases and then decreases with increasing N-concentration (Fig. 6 ). The spectral shape, pH dependence, and chemistry of this new signal are very similar to a signal observed (unpublished data) for N-binding to fully oxidized T2D laccase and which has been associated with uncoupled type 3 sites. This uncoupling occurs in a limited fraction of type 3 sites when N-and H+ competitively displace and protonate the endogenous bridge. This eliminates the superexchange pathway resulting in a pair of paramagnetic, dipolar-coupled Cu(II) centers whose associated N--*Cu(II) CT transitions will now be observed in the LTMCD spectrum. Therefore, based on the quantitative correlation of the intensity of the LTMCD and EPR signals ( Alternatively, the changes in the absorption band at =400 nm as a function of N-concentration do not reflect the intensity decrease in the LTMCD spectrum at 385 nm (Fig. 6) . Thus, an additional CT spectral feature must be contributing to the absorption spectrum at 400 nm. The quantitative correlation of the LTMCD intensity changes with those of the type 3 EPR signal (Fig. 6) requires that within ± 5%, all of the 385-nm LTMCD signal be associated with the uncoupled type 3 sites. This indicates that the additional absorption feature has no measurable LTMCD intensity associated with it.
From the N-binding constant calculated from the 77 K absorption at 400 nm combined with the integrated EPR intensity, it is estimated that .70% of the absorption intensity has no LTMCD intensity; hence, it must arise from a transition associated with a diamagnetic site. Therefore, this additional feature, which dominates the absorption spectrum at 400 nm, can be assigned to an N--3 type 3 (coupled) Cu(II) CT transition.
The intensity changes for the 485-nm LTMCD band associated with the paramagnetic type 2 sites are also included in Fig. 6 . This transition clearly shows a behavior with N3 concentration that is qualitatively similar to that of the 400-nm absorption band (i.e., both continuously increase), and binding constants calculated for the two bands are estimated to be the same within experimental error (K 102-103 M-1).
Thus, low-affinity N-binding generates CT The assignment of both the 485-nm LTMCD and the 400-nm absorption features to a single bridging N-is supported by related studies at pH 7.0. Earlier work (11, 13) has shown that the 400-nm absorption intensity is greatly reduced at high pH due to a reduction of this N-binding constant; we find a similar decrease of the 485-nm LTMCD intensity. It is unlikely that binding of N-to a binuclear type 3 vs. a mononuclear type 2 Cu(II) site would exhibit this same pH effect.
Additionally, the binding constant of high-affinity N-3 which corresponds to N-binding to an oxidized type 2 site in the presence of a reduced type 3 site (see below), is not significantly affected by this pH change. These results indicate that the oxidation state of the type 3 site strongly affects both the N-binding constant of the type 2 site (low vs. high affinity) and the pH perturbation of that binding. Finally, N3
binding studies of fluoride-treated laccase indicate that fluoride binding at the type 2 Cu(II) directly competes with N3 binding at the type 3 center (unpublished data). This reciprocal interaction between the type 2 and type 3 sites together with the correlated behavior of the 400-nm absorption and 485-nm LTMCD features under a variety of conditions strongly indicates that a single N-bridges the type 2 and type 3 sites.
When low concentrations of N3 (<0.5 equivalents of N3 per equivalent of protein at a protein concentration of 1.0 mM) are added to native laccase, a broad increase is observed in the N--+Cu(II) CT region (Fig. 3 Upper). The spectral changes are more clearly seen in the difference absorption spectrum at 298 K shown in Fig. 7 Upper. In the corresponding difference MCD spectrum, two bands of opposite sign are clearly resolved at 510 and 445 nm (Fig. 7 Lower). Substantial evidence indicates that these features are associated with N3 binding to a limited fraction of protein molecules that contain Cu(I) sites. First, the LTMCD bands obtain their maximum intensity with less than stoi- (Fig. 8) . Hence, the type 2 and at least one of the type 3 Cu(II) ions must be separated by <5.2 A. While the unusually high binding constant for N3 bound to an oxidized type 2 Cu(II) site in the presence of a reduced type 3 site (high-affinity N3) may also relate to such a bridging interaction, this cannot be spectroscopically demonstrated by LTMCD, as N3 binding to Cu(I) does not produce an absorption feature in an accessible spectral region.
Finally, the presence of a trinuclear copper site in laccase that is capable of binding and bridging small molecules suggests the possibility that oxygen reduction may involve a three-electron-reduced dioxygen intermediate. While there have been a number of reports of two-electron-reduced, peroxide-level intermediates, the two stable forms, peroxylaccase (23, 24) and peroxy-T2D (25) (21) through x-ray absorption edge studies to involve oxidation but not binding by peroxide. Alternatively, in reactions of anaerobically reduced laccase with 02, a paramagnetic intermediate has been observed (26) and, although copper ion oxidation states are not clear (27, 28) , the presence of an 0-radical has been proposed and would be consistent with three-electron transfer.
Thus, it is clear that the interaction of exogenous ligands at the coupled binuclear Cu(II) site in native laccase is very different from that in the hemocyanins and tyrosinase. Further, the lack of 02 reactivity of the type 3 site in T2D laccase would appear to be a consequence of the strong involvement of the type 2 Cu(II) in the oxygen reactivity of this trinuclear copper exogenous ligand binding site in native laccase. Similarly, the inability of exogenous ligands to bridge the coupled binuclear Cu(II) site in laccase is consistent with the type 3 site instead being structurally defined for asymmetric exogenous ligand bridging to the type 2 copper of the trinuclear copper active site. We thank Philip Stephens for very useful discussions concerning the design of our MCD spectrometer. We also thank the National Institutes of Health (AM31450) for support of this research.
